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SUMMARY
Recent literature postulates that Galapagos follows global warming, with an increase in sea surface temperature
(SST) and frequency and amplitude of El Niño events. However, pronounced La Niña conditions over the last decade
gave rise to the question of whether the “ocean thermostat model”, according to which heating of the tropics may
lead to an increase in the temperature gradient across the equatorial Pacific, enhancing upwelling and surface cooling,
may better describe what has recently occurred in the Eastern Tropical Pacific (ETP). A 44-year time series of
measurements of SST, air temperature and rainfall taken on the Galapagos island of Santa Cruz revealed that
Galapagos monthly mean SSTs have shown no pronounced trend, while annual rainfall has increased. Mean warm
and cool season temperatures have slightly increased and decreased respectively, thereby increasing seasonality.
Galapagos SST data did not correlate linearly with annual rainfall, which suggests that the latter is not a reliable
proxy for reconstructing past SST trajectories. When compared with those of several ETP sites, the Galapagos SST
series best correlates with those of Puerto Chicama (coastal Peru, 8°S) and Cocos Island (5°N). The Puerto Chicama
time series, the longest available (1925–2006), showed a negative SST trend. Annual deviations in Galapagos SST from
the trend line lie between the Chicama and Cocos Island curves, and follow the El Niño signals of the Chicama series
in 1983, 1987, 1992 and 1997 more closely than the Cocos series. The Humboldt Current system coupled with the El
Niño Southern Oscillation may be the main driver of interannual and interdecadal changes in the Galapagos climate.
Since upwelling within the Humboldt Current has increased during the last decade of extended La Niña conditions,
it is no surprise that the Galapagos climate has shown the same signal.
RESUMEN
Galápagos no muestra calentamiento reciente sino aumento de la estacionalidad. Literatura reciente postula que
Galápagos refleja el calentamiento global por medio de un incremento de la temperatura superficial del mar (TSM) y
en la frecuencia y la amplitud de los eventos de El Niño. Sin embargo, condiciones intensas de La Niña durante la última
década dieron lugar a la pregunta de si el “modelo termostático del océano” — según el cual el calentamiento de los
trópicos podría llevar a un incremento de la gradiente de temperatura a lo largo del Pacífico ecuatorial, fortaleciendo
el afloramiento y el enfriamiento de la superficie — podría describir mejor lo que ha ocurrido recientemente en el Pacífico
Tropical del Este (PTE). Une serie de mediciones hechas a lo largo de 44 años de la TSM, la temperatura del aire y la
precipitación en la Isla Santa Cruz en Galápagos revela que los promedios mensuales de la TSM de Galápagos no han
mostrado ninguna tendencia pronunciada, mientras que la precipitación anual sí ha aumentado. Los promedios de
temperatura de las estaciones caliente y fría han aumentado y disminuido ligeramente en forma respectiva, llevando
a un incremento de la estacionalidad. Los datos de la TSM de Galápagos no se correlacionaron linealmente con la
precipitación anual, lo cual sugiere que la precipitación anual no es un sucedáneo confiable para reconstruir la
trayectoria de la TSM del pasado. Cuando se compara los datos de la TSM de Galápagos con otros de varios lugares
del PTE, la serie de Galápagos se correlaciona mejor con las de Puerto Chicama (costa del Perú, 8°S) y la Isla del Coco
(5°N). La serie de Puerto Chicama, la más extensa en disponibilidad (1925–2006), mostró una tendencia negativa de
la TSM. Las desviaciones anuales de la línea de tendencia en la TSM de Galápagos se encuentran entre las curvas de
Puerto Chicama y la Isla del Coco, y reflejan las manifestaciones de El Niño de la serie de Chicama en 1983, 1987, 1992
y 1997 más cercanamente que la de la Isla del Coco. El sistema de la Corriente Humboldt vinculado al El Niño Oscilación
del Sur podría ser el principal motivador de los cambios interanuales e interdecadales en el clima de Galápagos. Ya
que el afloramiento de la Corriente Humboldt se ha incrementado durante la última década de prolongadas condiciones
de La Niña, no es sorpresa que el clima en las Galápagos esté mostrando los mismos indicios.
INTRODUCTION
In times of concern about global climate change and its
impacts, the Galapagos archipelago has also become a
focal area of concern. Questions are raised about effects of
temperature increase, sea level rise, changes in rainfall
patterns and in El Niño frequencies and strength, on
endemic species and the carrying capacity of Galapagos
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(fishing pressure and tourism), when the archipelago is
already impacted by El Niño. How can the human
population adapt to these changes, and which are the
most urgent measures to be taken?
The Galapagos climate results from a complex inter-
play of winds and ocean currents (Fig.1). The archipelago
lies within the eastern margin of the equatorial upwelling
region (EU). Nutrients are supplied to surface waters
surrounding the Galapagos by equatorial upwelling and
mixing and by topographic upwelling where the Equato-
rial Undercurrent (EUC) impinges on the western side of
the islands (Chavez & Brusca 1991). EUC water is mixed
both to the surface and to depth when it collides with the
archipelago and eventually flows eastwards past the
islands to merge with the North Equatorial Counter
Current to the north and the Peruvian Undercurrent to
the south (Wyrtki 1966, Kessler 2006). As a result, near-
surface temperatures are lower and macronutrient
concentrations higher than in the remainder of the EU or
any other equatorial open-ocean region. During an El
Niño warming event, winds slacken or reverse, the
Intertropical Convergence Zone (ITCZ) shifts south
towards the equator (Galapagos), and oceanic water from
the west Pacific arrives at the archipelago, which overlays
and interrupts the upwelling of cold nutrient rich waters
to the euphotic layer. Sea level rises substantially and
temperature on land and in the sea increase as does the
amount of rainfall. The two outstandingly strong El Niño
events in 1983 and 1997 greatly affected the terrestrial
and marine communities of Galapagos (Robinson & Del
Pino 1985, Glynn 1988, 1994, Glynn et al. 2001, Jimenez
2008) and there is a general belief that these may just be
the start of a series of events that will become stronger
and more frequent in the coming years (Vargas et al. 2005).
A general consensus emerges in the scientific literature
that global warming is occurring but debate continues
about the order of magnitude of anticipated changes and
possible regional differences. Vargas et al. (2005) citing
McPhaden & Zhang (2002) suggested that a decrease of
25% in oceanic upwelling around the equator after 1970
may have led to an increase of 0.8°C in SST, probably
reducing penguin food resources in Galapagos. Conroy et
al. (2009) produced a calibrated sea surface temperature
(SST) record at sub-decadal resolution by using diatom
samples from el Junco Lake, Galapagos, and concluded
that the past 50 years was the warmest period within the
last 1200 years. They further suggested that their diatom
index resembles Northern Hemisphere temperature
reconstructions, and that recent unprecedented warming
extends from the high northern latitudes, through the
tropics and into the Southern hemisphere. While these
and further studies (Snell & Rea 1999) suggest that
Galapagos follows the global warming trend and that El
Niño events are to become more frequent and greater in
amplitude (Timmermann et al. 1999), there are other views
with regard to how global warming may affect the Eastern
Figure 1. Surface water masses and currents in the eastern tropical Pacific Ocean. STSW = Subtropical Surface Water; TSW
= Tropical Surface Water; ESW = Equatorial Surface Water. Shading represents main surface temperature: darker = colder.
Adapted from Shea et al. (1992).
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Tropical Pacific (ETP). The “ocean thermostat” model
(Clement et al. 1996, Cane et al. 1997) postulates that the
heating of the tropics leads to an increase in the zonal
temperature gradient across the equatorial Pacific. On
the eastern side, where the thermocline is shallow, cooling
by upwelling opposes the surface heating. Through this
increased SST gradient, wind strength and upwelling are
increased and cooling occurs. In this configuration, a cold
state resembling La Niña is predicted in response to
warming. Vecchi et al. (2008) show a reconstruction of SST
by Rayner et al. (2003), which reveals exactly this pattern:
an increase in the zonal SST gradient, through robust
warming in the west and weak changes (including modest
cooling) in the east. Vecchi et al. (2008) compare several
models with different temperature trajectory predictions
and conclude that more observations are required to deter-
mine in which direction the Galapagos climate is moving.
The work here responds to this challenge by examining
whether the generally predicted warming trend in the
ETP can be confirmed for Galapagos from the data series
that the Charles Darwin Research Station (CDRS) has
collected over the past 44 years. An alternative hypothesis
is that the Humboldt Current System (HCS) with its
pronounced ENSO cycle and enhanced upwelling in recent
years may affect the Galapagos climate substantially,
causing mean temperatures to deviate from this general
trend. Following this reasoning the Galapagos time series
of SST was compared to those of several sites of the Eastern
Pacific, south and north of the equator, to search for simi-
larities in patterns and trends. The southern area of the
bay of Pisco (13°30´S) was included in this analysis since
it has similar emblematic species to those of Galapagos
(penguins, sea lions) on small islands off Pisco and a
microclimate with warmer surface waters than other
parts of the central Peruvian coast. Locals sometimes call
this area “small Galapagos” (pers. obs.). This region was
affected as dramatically by both of the most recent strong
El Niño events (1982–3 and 1997–8) as was Galapagos
(Wolff & Mendo 2000, Arntz et al. 2006). Further sites ana-
lysed were Callao (12°S), Puerto Chicama (8°S), Esmeraldas
(1°N), Gorgona (2°N), Malpelo (4°N), Cocos Island (5°N)
and Panama (8°N). An additional objective of this study
was to describe the trend in annual rainfall over the time
period studied and to verify its correlation with SST, in
order to see if rain can be used as a proxy for historical SST.
MATERIAL AND METHODS
The Galapagos data were from the CDRS meteorological
station on Santa Cruz Island (0°44´20´´S, 90°18´24´´W).
The station database contains a wide array of meteoro-
logical data since December 1964. We analyzed the series
of mean air temperatures (AT) (mean of three measure-
ments at 6h00, 12h00 and 18h00), precipitation (sum of
6h00, 12h00, 18h00) and sea surface temperature recorded
with a hand held thermometer in a bucket of water pulled
from the sea surface (at 6h00).
Monthly averages of SST and AT were calculated and
a linear trend line for the whole data set (excluding the
months following December 2007, so as to have equal
proportions of data in all months January 1965 to
December 2007) was computed. This analysis was
repeated excluding the strong El Nino periods of the years
1983 and 1997 (i.e. treating El Niño years as outliers). For
the SST and AT data only, the warm months Jan–Mar and
the cool months Aug–Oct were also analysed separ-ately.
The moving averages for the time series of SST, AT, TP
were calculated to explore periodicities in the data. Annual
rainfall for the study period was calculated and correlated
with annual means of SST.
Additional SST time series were used from the sites
listed in the Introduction. While the Peruvian coastal SST
data date back to 1950 (and in the case of Puerto Chicama
to 1925) and were derived from in situ measurements of
the Instituto del Mar del Perú, the data for the northern
sites only dated from 1982 and were derived from satellite
recordings (source: http://poet.jpl.nasa.gov). The Galap-
agos SST annual mean values were compared to time
series from the other sites of the ETP, using linear trend
lines and deviations of mean annual SST from them.
RESULTS
Analysis of Galapagos data
There was no increase in mean monthly SST over the
study period (Fig. 2, r2 = 0.0001). When the El Nino years
1983 and 1997 were excluded (not shown), the negative
trend was more pronounced (y = 23.5197 – 0.0007x; r2 =
0.0012). AT also showed a negative trend (AT = 24.04 –
0.000375x) with values about 0.47°C higher than SST. A
regression of SST against AT (SST = 0.868AT + 2.7081, r2 =
0.8823) confirms their strong correlation.
The highest SST peaks were for the strong El Niño
periods 1983–4 and 1997–8. These were the only periods
Figure 2. Monthly Sea Surface Temperature time series for
Galapagos (Jan 1965 to Dec. 2007). Thick green line = 12-month
moving average. Regression line: SST = 23.57 – 0.000323x.
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for which the 12-month moving average exceeded 26°C
for SST (Fig. 2). The coldest periods were in 1988–9
following the weaker 1987 El Niño and during 2007.
The mean SST during the warm season increased over
the study period by 0.26°C, while during the cool season
it cooled by 0.32°C (Fig. 3). This trend of increasing
seasonality is confirmed by the AT data (not shown):
warm season AT = 25.996 + 0.005t; cool season AT = 21.785
– 0.0032t. If the El Nino periods are excluded the same
trends are seen.
During the El Niño periods 1983–4 and 1997–8, rainfall
was heaviest and extended over longer seasons (Fig. 4).
The last decade was characterized by very low rainfall.
The years 1985, 1988 and 1999, which followed El Niño
periods, were almost rainless. SST and rainfall do not
correlate linearly and a polynomial regression provides
a better fit. It appears, however, that the correlation is
absent or very weak in the SST range of 21.5–24.5°C
(encircled points in Fig.4)
Comparing Galapagos with other eastern Pacific sites
The SST data series for the northern hemisphere sites was
shorter (25 years) than for the southern sites (≥ 44 years).
A site comparison (Fig. 5) reveals that the interannual
variability in SST decreased from south to north, the
Galapagos time series resembles more the southern sites
than the northern with regard to the amount of inter-
annual change, and the El Niño signal appears in all time
series but is more pronounced in the southern sites and
Galapagos.
Figure 3. Galapagos mean annual SST trajectories for months
Jan–Mar (upper: y = 24.97 + 0.0067x) and Aug–Oct (lower: y =
21.93 – 0.0073x).
Figure 4. Galapagos time series of SST (top) and annual rainfall
(middle, with linear trendline and 6-month moving average),
and polynomial regression between annual rainfall (mm) and
SST (bottom).
Only one site (Panama) showed a positive SST trend
over the past 25 years, while Gorgona was neutral and all
other sites revealed a negative trend (Table 1). The Panama
time series gave the worst fit (r2 = 0.225), followed by
Esmeraldas and Pisco. The Cocos Island and Puerto
Chicama time series correlated best with the Galapagos
series (r2 = 0.804 and 0.814 respectively).
The strong, positive SST anomaly of the El Niño signals
at Puerto Chicama are better matched by the Galapagos
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data than the much more attenuated signal of Cocos Island
(Fig. 6). On the other hand, the Cocos series is more similar
to the Galapagos series outside of El Niño periods. Since
the Puerto Chicama series correlated best with the
Galapagos series and was the longest, the SST trend and
annual deviations from the trend line were calculated for
the whole 82-year period (Fig. 7). The trend was slightly
negative (0.3°C decrease over the 82 years). The long time
series for Puerto Chicama suggests that there was a
warmer period that ended in the 1930s and which included
the strong 1925 El Niño (Schweigger 1964), which was
followed by a colder period lasting to the end of the 1960s.
Thereafter a new warming period began, which ended
with the strong 1997–8 El Niño.
DISCUSSION
The Galapagos climate data of the past 44 years do not
confirm the often-mentioned global warming trend and
its expression in the ETP. Other ETP larger scale analyses
based on satellite spatial averaging procedures have not
considered the strong upwelling influence on Galapagos;
they show a warming trend and downplay the local
importance of Galapagos signals. Mean annual SST and
AT have remained remarkably constant over the study
period. If there is a trend at all, it is slightly negative. AT
and SST correlate very well, with AT about 0.5°C higher
than SST. Rainfall was strongest during the El Niño
periods 1983–4 and 1997–8, when it extended over longer
periods than in other years. While some rain falls in almost
all years, some La Niña years following El Niño events (in
1985, 1988 and 1999) were without substantial rain. The
same pattern of rainfall is known for the northern coast
of Peru (Wolff et al. 2003). The past decade was charac-
terized by very little rainfall and strong La Niña conditions
of relatively low SST and AT.
Mean warm and cool season temperatures have
increased and decreased respectively during the study
period. This increase in seasonality was still seen if the
two strong El Niño periods (1983 and 1997) were removed
from the time series, which shows that this trend is not
Figure 5. SST time series for sites of the Eastern Tropical
Pacific.
Table 1. SST time series from eastern tropical Pacific sites.
Site Latitude Longitude W Data period Temperature trend Correlation with Galapagos (r2) ΔT°C per decade
Panama 8–9°N 79–80° 1982–2007 y = 27.76 + 0.010x 0.225 +0.1
Cocos Island 5–6°N 87–88° 1982–2007 y = 28.07 – 0.001x 0.804 –0.1
Malpelo 3°50´–4°50´N 81–82° 1982–2007 y = 27.22 – 0.004x 0.761 –0.04
Gorgona 2–3°N 78–79° 1982–2007 y = 27.10 – 0.000x 0.606  0
Esmeraldas 0–1°N 79–80° 1982–2007 y = 26.48 – 0.010x 0.553 –0.1
Galapagos 0°44´S 90°18´ 1964–2008 y = 23.63 – 0.002x –0.02
P. Chicama 8°S 79°20´ 1925–2006 y = 17.27 – 0.003x 0.814 –0.03
Callao 12°S 77°15´ 1950–2005 y = 16.59 – 0.012x 0.808 –0.12
Pisco 13°40´S 76°15´ 1950–2004 y = 20.99 – 0.007x 0.550 –0.07
Figure 6. Annual deviations from SST trendline for Cocos
Island, Galapagos and Puerto Chicama.
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sensitive to such outlier events. One could see this as a
trend towards more temperate conditions, and it may
challenge the temperature range tolerance of species such
as corals. During the early cool season of March 2007,
some corals died when water temperature at the 15 m
isobath at Wolf Island dropped from 28°C (moderate El
Niño situation) to about 16°C (La Niña situation) in six
days (unpubl. data).
The SST time series revealed great similarities between
Galapagos and Peruvian sites, Malpelo and Cocos Islands.
The mean difference in SST between sites as distant as
Galapagos and Pisco (c. 2000 km apart) was only 2.6°C
(Galapagos 23.6°C, Pisco 21.0°C). Galapagos temperatures
were lower than expected for most of the ETP (> 25°C, Wyrtki
1966), whereas Pisco temperatures were high relative to
the southern upwelling centre of Peru (Wolff et al. 2003).
The explanation for Galapagos appears to be the strong
influence of upwelling, through which the otherwise
tropical surface waters are cooled, whereas Pisco Bay differs
from most of the Peruvian coast in being shallow and pro-
tected by a peninsula to the south, which shields it from
the immediate influence of cold upwelling waters. For these
reasons the Pisco area ecologically resembles the Galapagos.
The Callao site confirmed the negative trend of
Galapagos and Pisco. Puerto Chicama, which lies north
of Callao, was most similar to the Galapagos in SST trend,
although mean temperatures were significantly lower
than in Pisco Bay and more different from those of
Galapagos. The 82-year time series at Puerto Chicama
showed an SST decrease of 0.3°C. Since this site correlates
best with the Galapagos time series, it may be speculated
that a similar decrease may have occurred in Galapagos.
Of all the northern sites explored, only Panama had a
slight positive trend over this period, with the others
following a negative trend.
Mainland coastal mean SST increased with distance
from the equator (Esmeraldas 26.5°C; Gorgona 27.1°C;
Malpelo 27.2°C; Panama 27.8°C). The oceanic Cocos Island
site was the warmest (28.1°C). This pattern confirms that
coastal upwelling continues north of the equator, cooling
the surface waters of the Ecuadorian and Colombian
coasts.
Why have other authors postulated a warming trend
for Galapagos over the last decades, when the obser-
vational data show that this has not happened? For
example, Conroy et al. (2009) reconstructed Galapagos
SST over the past 1200 years using a diatom proxy and
concluded that the past 50 years were the warmest in
that period with a tendency of continuous warming since
the end of the 19th century. The explanation probably lies
in the questionable concept that lake water level (which
determines diatom composition) is a reliable proxy for
SST. The present study show that the correlation is rather
weak and non-linear. There is a temperature range (21.5–
24.5°C), where rainfall seems to be rather uncorrelated
with temperature (Fig. 4), such as in 2007, when oceano-
graphic conditions resembled La Niña but rainfall was
quite strong during the warm season. However, the
rainfall data used in this study may not be as spatially
and temporally representative as SST, possibly intro-
ducing some noise into the analysis. Conroy et al. (2009)
proposed that observed warming in northern latitudes
extends through the tropics to the southern hemisphere,
but this is contradicted by the present study, whose
results rather support the “ocean thermostat model”,
which predicts that wind strength and upwelling are
increased through the increased SST gradient between
the eastern and western side of the Pacific, and cooling
occurs in the east. A cold state of the system resembling
La Niña is thus predicted in response to global warming,
as can be seen in the actual SST records.
The present analysis thus suggests that the Humboldt
Current System with the coupled El Niño Southern
Oscillation is the main driver of interannual and inter-
decadal changes of the Galapagos climate. Since upwelling
within the Humboldt current has increased during the
last decade of extended La Niña conditions, it is no surprise
that the Galapagos climate has shown the same signal
over the last years.
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